The present study investigates the cerebral effects of chronic occupational stress and its possible reversibility. Forty-eight patients with occupational exhaustion syndrome (29 women) and 80 controls (47 women) underwent structural magnetic resonance imaging (MRI) and neuropsychological testing. Forty-four participants (25 patients, 19 controls) also completed a second MRI scan after 1-2 years. Only patients received cognitive therapy. The stressed group at intake had reduced thickness in the right prefrontal cortex (PFC) and left superior temporal gyrus (STG), enlarged amygdala volumes, and reduced caudate volumes. Except for the caudate volume, these abnormalities were more pronounced in females. They were all related to perceived stress, which was similar for both genders. Thickness of the PFC also correlated with an impaired ability to down-modulate negative emotions. Thinning of PFC and reduction of caudate volume normalized in the follow-up. The amygdala enlargement and the left STG thinning remained. Longitudinal changes were not detected among controls. Chronic occupational stress was associated with partially reversible structural abnormalities in key regions for stress processing. These changes were dynamically correlated with the degree of perceived stress, highlighting a possible causal link. They seem more pronounced in women, and could be a substrate for an increased cerebral vulnerability to stress-related psychiatric disorders.
Introduction
While there is a large body of data suggesting that extreme psychosocial stress, such as life threatening or early life trauma, is associated with distinct cerebral changes (Eluvathingal et al. 2006; Karl et al. 2006) , very little is known as to how "everyday stress" affects our brain. It is also unclear why stress-related psychiatric illness is significantly more common in women (Pratchett et al. 2010; Altemus et al. 2014; Maeng and Milad 2015) . In the present study, these important questions are investigated by studying a condition which we have labeled occupational "Exhaustion Syndrome" (ES), a condition which seems to be rapidly on the rise in Western societies (Ahola et al. 2006; Rydmark et al. 2006; Copertaro et al. 2007; Beser et al. 2014) . ES has been reported to affect previously healthy, productive, and highly functional persons who have been working long hours for many years, and without sufficient recovery (Asberg et al. 2010) . It has been attributed to daily occupational stress and is characterized by stereotyped symptoms such as disturbed sleep, memory and attention problems, and profound fatigue. ES has been found to be more common in women. The reasons for this gender difference are unclear and many speculations have emerged (Lindblom et al. 2006; Norlund et al. 2010) . It is frequently misidentified as depression, although the majority of affected participants are not helped by antidepressants (Asberg et al. 2010) . Furthermore, in contrast to patients with major depression (Friess et al. 2008) , those with ES attributed to chronic occupational stress show a reduced cortisol response to the corticotropin-releasing hormone after dexamethasone pretreatment (Rydmark et al. 2006; Wahlberg et al. 2009 ). In a series of positron emission tomography and magnetic resonance imaging (MRI) studies of several independent cohorts, we found ES to be associated with specific changes in the brain (Jovanovic et al. 2011; Blix et al. 2013; Golkar et al. 2014; Savic 2015) . In short, those with ES were characterized by reductions of 5-HT 1A receptor binding in the anterior cingulate cortex (ACC), hippocampus, and the anterior insular cortex (Jovanovic et al. 2011) , as well as by reduced gray matter volume and a thinning of cerebral cortex in the ACC and medial prefrontal cortex (mPFC), increased "amygdala volume" (Blix et al. 2013; Savic 2015) , and reduced functional connectivity between the amygdala and ACC (Golkar et al. 2014 ) compared with controls. These findings have been detected in several independent populations of ES patients. The location of detected changes in several aspects corresponds to the locations of structural changes detected through MRI in persons suffering from other stress-related conditions, such as stress in early life, repeated stressful negative life events, and post-traumatic stress disorder (PTSD) (Cohen et al. 2006; Pavliša et al. 2006; Bremner et al. 2007; Wang et al. 2007; Geuze et al. 2008; Kasai et al. 2008; Porcelli et al. 2008; van Harmelen et al. 2010; Papagni et al. 2011; Kuo et al. 2012; Morey et al. 2012; Pitman et al. 2012) . Furthermore, in a study in which the subjects experienced 4 weeks of both high and then low stress, the experiencing of high psychosocial stress was found to negatively impact prefrontal cortex (PFC) function and prefrontal-parietal functional connectivity during an executive cognitive performance task. These effects were reversed in the subjects after a period of low stress (Arnsten 2009; Liston et al. 2009 ).
All of the aforementioned structures are, according to previous data from animal experiments, involved in the processing of stress stimuli (Ryzhavskii et al. 2003; Ladefoged et al. 2004; Cohen et al. 2006; Filipovic et al. 2011; Leuner and Shors 2013) , which raises the question of whether daily occupational stress can lead to specific cerebral changes.
This question is addressed in the present study by investigating longitudinal changes in various structural and functional metrics from MRI scans, and stress scores, thereby testing possible direct relationships to stress. Furthermore, by cross-sectionally studying a sufficiently large population of ES patients, we have been able to explore whether chronic occupational stress affects male and female brains differently as well as whether such differences could explain why stress-related psychiatric disorders are more frequently diagnosed in women. Both approaches are, to the best of our knowledge, novel. Through the use of longitudinal studies following the same ES patients and controls, the present study advances the findings of previous reports by investigating whether and how cerebral changes regress over time, and how their dynamics are related to neuropsychological functioning.
Materials and Methods

Participants
Demographic data are presented in Table 1 . Forty-eight righthanded (Oldfield 1971 ) participants complaining of symptoms consistent with occupational ES (Blix et al. 2013; Golkar et al. 2014; Savic 2015) (labeled ES patients) were investigated, of whom 29 were female, age 38 ± 6 (26-46) years, and education 17 ± 3 years, along with 80 right-handed controls including 47 females, age 32 ± 7 (20-45) years, and education 17 ± 3 years. While the ES patients were significantly older than controls, there was no difference in average age between the male and female participants (Table 1) . The patients had been diagnosed as having a "reaction to severe stress and an adjustment disorder" (ICD-10, F43.8A), and were recruited from the Stress Clinic Foundation in Stockholm, Sweden. Stress was defined, in accordance with Lazarus and Folkman (1987) , as resulting from an "imbalance between demands and resources." According to their own descriptions, all of the patients had typical maladaptive coping behaviors, in the form of underestimating the significance of occupational load, accepting high workload, and/or feeling that the work situation can be controlled by increasing their working hours. They reported working 60-70 h per week continuously over several years prior to the onset of symptoms. All described a characteristic symptom course of disturbed sleep, memory and attention problems, profound fatigue, and reduced work capacity (confirmed by the employers), attributed to chronic occupational stress. To be included in the study, ES patients were also required to have had a symptom duration of at least 1 year (range 1.5-3.5 years, irrespective of gender), to have been on sick leave (≥50%) for stress-related symptoms for a minimum of 3 months before entering the study, and to have an average stress-burnout score of ≥3.0 on the Maslach StressBurnout Inventory-General Survey (MBI-GS) (Ahola et al. 2006; Stenlund et al. 2007 ); see Supplementary material.
The controls were healthy, unmedicated, reported no psychosocial stress, and scored <2.5 (mean ± 1SD of the general population) on the MBI-GS questionnaire.
Participants were excluded if they had a previous history of psychosis, personality disorder, major or bipolar depression, alcohol or substance abuse, chronic fatigue, chronic pain, fibromyalgia, or neurological or endocrine disease. Those who had experienced prominent stress factors in their private life or a major traumatic event at any time in their life, including sexual abuse, were also excluded. No daily medication was allowed during the 2 months prior to the study, except contraceptives (13 of 27 female patients and 24 of 49 female controls were using contraceptives at the time of the study). According to a review of their pharmacological treatment histories, none of them had taken drugs that are known to affect brain structure (e.g. psychopharmaceuticals). None of the participants was a smoker. Participants who were sleep deprived the night before the scan/testing procedures were rescheduled in order to exclude the acute effects of sleep deprivation.
The patient and control groups had similar gender distributions. The study was approved by the Ethics Committee at the Karolinska Institute, and written informed consent was received from each participant.
Participants were investigated with the Swedish version of the Mini-International Neuropsychiatric Interview (MINI, Pettersson et al. 2015) and the Montgomery-Åsberg Depression Rating Scale (MADRS) (Svanborg and Asberg 2001) . In addition, they underwent a subset of neuropsychological tests. Major life events were assessed with the Holmes and Rahe Scale-questionnaires (Holmes and Rahe 1967) . Patients also received a medical screening (physical examination, test of thyroid function). All female participants had regular menstruations and were investigated during the first week of their menstrual cycles.
To investigate whether possible cerebral and behavioral changes were reversible, 25 of the ES patients (age 38 ± 5 [26-46] years, 15 females) and 19 of the controls (age 30 ± 8 [20-44] years, 12 females) underwent a second round of MRI scanning, neuropsychological testing, and questionnaire investigation (visit 2). This occurred 1.4 ± 0.4 years (range 0.9-2.4 years) after the first visit (visit 1) for ES patients and 2.4 ± 0.3 years (range 1.3-3.2 years) after visit 1 for the controls. These groups of ES patients and controls will subsequently be referred to as "the longitudinal groups", as opposed to the ES patients and controls who were investigated only once (visit 1), labeled the "cross-sectional groups". The literature is scarce concerning interventions for individuals with stress-related symptoms or ES. However, Bryant et al. (1998) showed that cognitive behavioral therapy (CBT) could successfully be used to treat acute stress disorders and was also effective for preventing chronic PTSD. In a more recent study, Blonk et al. (2006) observed that CBT, combined Note: F and P values from group comparisons (one-way ANOVA, P < 0.05). Significant group differences are indicated in bold (P < 0.05). Df = 1 for all the comparisons.
with an intervention consisting of workplace-and individualfocused techniques, had significant effects on partial and full return from sick leave due to work-related psychological complaints such as anxiety, depression, and burnout, compared with CBT only and with the control group. Physical therapy that includes self-regulated breathing techniques has been shown to be effective for the treatment of various psychological problems, including stress (e.g. Jerath et al. 2015) .
In light of such findings, the ES patients in the longitudinal group participated in a 3-month long intensive stress rehabilitation program utilizing cognitive therapy, meeting in groups of 7-9 patients for twelve 2-h sessions. Each session was led by 2 therapists who followed a treatment manual based on Acceptance and Commitment Therapy (Hayes et al. 1999) and that was further developed based on the experience gained at the clinic from treating about 2000 patients. Each session was built around a single topic related to stress and its management, including a short lecture, group discussions, and presentations of home exercises. The patients also participated in a physical therapy program for twelve 2-h sessions, aimed at normalizing respiration patterns and teaching relaxation and body coordination (Jerath et al. 2015) . Two months after the start of the program, they met with rehabilitation coaches to plan their gradual return to work and other life activities (Bryant et al. 1998) . All of the patients attended. Altogether, the ES patients were followed for 9 months on average. All of the sessions were conducted at the Stress Outpatient Clinic, a research and treatment center run in cooperation with the Stress Research Institute, Stockholm University, Sweden.
It should be noted that there was no untreated "patient" control group to be used as a control group, and the study was not double blind, as all of the patients were initially admitted to receive treatment. The purpose of the longitudinal design was primarily to evaluate whether the condition and the associated cerebral changes were reversible at all. At the time of the second scan, 70% of ES patients were back at full-time work, while the remaining 30% were working part time (>50% of full time). The "longitudinal control group" was investigated to account for possible test-retest effects unrelated to stress.
Experimental Design
Emotional Regulation and Neuropsychological Test Performance
To investigate whether the reported attention and memory problems could be verified in an experimental setting, participants were tested on these specific functions the day after the MRI scan. This was part of a larger test battery involving several cognitive domains (which will be presented in detail in a separate study). In this article, we are only reporting data from 1) the digit span test, forward part, measuring sustained attention and 2) measurements of working and verbal memory functions (Lezak 2004) . Data from these tests were normally distributed and group differences were evaluated with one-way ANOVAs, with group as the between-person factor (P < 0.013 due to Bonferroni correction for the 3 tests).
Given our previous observation of impaired ability to downregulate negative emotions among persons with ES (Golkar et al. 2014) , we wondered whether this finding could be replicated in the present study group and, if so, whether it was related to structural changes and was reversible. A test of emotional regulation, as described in detail by Golkar et al. (2014) , was used as an index for the modulation of emotional response (Bradley et al. 2001 ) and also as an indirect index of cognitive stress modulation. The ability to down-regulate emotion was tested using the International Affective Picture System image data set (Amrhein et al. 2004) ; acoustic startle was measured as the test subject was instructed to up-regulate, down-regulate, or maintain the emotion evoked by a picture with either neutral or negative emotional content. In the present study, we focused on the down-regulation of negative emotion, carrying out betweengroup comparisons (for visit 1, with one-way ANOVAs). Group differences regarding the possible changes in down-regulation between the 2 time points (visit 2 to 1) were tested with a repeated measure one-way MANOVA using age as covariate of no interest and group as the between-person factor. Finally, within-group comparisons of emotional down-regulation between visit 2 and visit 1 were tested separately in each group with paired t-tests, P < 0.05 for all the comparisons.
Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) data were acquired on a 3-Tesla MRI medical scanner (Discovery 3T GE-MR750, General Electric) equipped with a 32-channel phased array receiving coil. 3D T 1 -weighted spoiled gradient images were acquired with 1 mm 3 isotropic voxel size (TE = 3.1 ms, TR = 7.9 ms, TI = 450 ms, FoV = 24 cm, 176 axial slices, flip angle of 12°).
Cortical Thickness and Subcortical Structural Volumes
The magnetic resonance (MR) volumes were calculated using FreeSurfer software version 5.1 (Fischl and Dale 2000; Fischl 2012 ) (www.surfer.nmr.mgh.harvard.edu), as described in detail in our previous studies (Savic and Arver 2014; Savic 2015) . For the longitudinal analyses of cortical thickness (Cth) and subcortical values, we used the longitudinal pipeline of the FreeSurfer software (https://surfer.nmr.mgh.harvard.edu). For Cth, the output metric was Pc1, which expresses a percent difference between scan 2 and 1/time between the 2 scans. Possible group difference in Pc1 was evaluated for each vertex using a 10 mm filter, with age as the nuisance variable (Monte Carlo correction, 5000 permutations, P < 0.05). Subcortical segmentation generated with FreeSurfer was used to calculate the volumes of 4 subcortical brain structures: the amygdala, hippocampus, caudate, and putamen. The rationale for choosing these specific structures was that they have been shown to be affected by stress in previous animal studies and in brain imaging studies of humans (Lucas et al. 2004; McEwen 2006; Jovanovic et al. 2011; Blix et al. 2013; Savic 2015) .
The standard procedure employed has been described in detail previously (Fischl et al. 2002; Fischl et al. 2004; Lui et al. 2013; Golkar et al. 2014 ) and in the Supplementary material. The same person, who was not informed about the identities of the participants, analyzed all the subcortical volumes. When needed, this same rater manually modified the segmented structural masks for the regions. The ratios between the structural volumes and the total intracranial volume (TIV) were retrieved from the FreeSurfer program and used as input in the statistical analyses. After ensuring that the data were normally distributed, group comparisons of relative structural volumes were carried out with separate ANCOVAs for each structure. A repeated measures model was not used since the relative structural volumes were analyzed separately. This was done because the differences between the structural volumes have been known to vary between patients and healthy controls, and this variation in differences would be masked in a repeated measures ANCOVA. The P level was set at 0.05 because we had specific hypotheses for group differences in these regions based on the previous results (increased volumes of the amygdala and decreases in other subcortical volumes in the ES group, Blix et al. 2013 ). Group differences were also calculated using TIV as the covariate of no interest (in addition to age), but since the results were similar, only the statistics based on ratios are presented.
Group differences regarding longitudinal changes in subcortical volumes were tested using repeated measures (visits 1 and 2) MANCOVA with the time difference between the 2 scans and age as the covariates of no interest. Group was the between-person factor, structural volume the within-person factor (with 8 levels), and the repeated measurement consisted of the structural values of each region at visit 1 and visit 2 (P < 0.05; longitudinal changes were expected primarily in regions showing group differences at visit 1). In the longitudinal analyses, we used original structural values to avoid regional overcorrection due to possible global changes.
One of the specific aims of the present study was to investigate the possible effects of gender with regard to Cth, as well as the subcortical volumes. Because both Cth and the structural volumes of several regions involved in stress processing are reportedly different in male and female populations, including in healthy controls (Savic and Arver 2014; Savic 2015) , we carried out separate comparisons between women with ES and female controls and between men with ES and male controls. For Cth, this was done using the Qdec statistical tool of the FreeSurfer software (same slope different offset, P < 0.05 after Monte Carlo correction for multiple comparisons). For the relative subcortical volumes, we tested the interaction between-group and gender using MANOVA (group and gender as fixed factors and the various structures as the dependent factor [P < 0.05]). This was followed by specific group comparisons (ES women vs. control women and ES men vs. control men, Tukey's post hoc test, P < 0.05, for regions showing significant interactions).
Statistical analyses of structural volumes were carried out with PASW Statistics 23 (SPSS Inc., Chicago, IL). For further information about the MRI protocol and data analysis, please see the Supplementary material.
Correlational Analysis
To test whether abnormalities in Cth were related to occupational stress, the individual Cth values were extracted from regions showing a significant group difference and tested for possible linear correlations with individual MBI-GS levels (linear correlation analysis at visit 1, P < 0.05); no correction for multiple comparisons was employed, as we hypothesized that regional group differences in Cth would be related to differences in perceived stress. A similar analysis was also conducted to test possible associations between abnormalities in Cth and the ability to down-regulate negative emotions.
Results
Demographical Data
Participants with ES had higher MADRS and MBI-GS (stress) scores than controls, irrespective of gender. No one scored at the depression level (>19) on MADRS (Table 1 ). Both types of scores decreased from visit 1 to visit 2 among patients, but not controls (Table 1 , P < 0.001, F = 13-27 for group comparison in the differences in scores).
Emotional Regulation and Neuropsychological Test Performance Before and After Treatment
The results from the neuropsychological test battery are presented in the Supplementary material (Table I and Fig. 1 ). Patients underperformed compared with controls on the tests Golkar et al. (2014) and Supplementary material. The acoustic startle reflex was measured while participants were viewing emotionally charged images and asked to suppress (downregulate), enhance (up-regulate), or maintain their emotional response (negative emotion). As a comparison, participants were also presented with pairs of neutral images and instructed to maintain the emotion. Note that the y-axis shows the means for all of the startle responses (startle 2 response-startle 1 response) according to each instruction. At visit 1, the ES patient group displayed overall larger startle responses when viewing pictures evoking negative emotions, a pattern that was significantly pronounced during down-regulation. This difference between ES patients and controls was not found at visit 2 (after treatment); * P < 0.05. Error bars indicate ± 1SE.
for sustained attention (digit span forward) and verbal memory. Notably, these results were also found when restricting the analysis to the longitudinal groups at visit 1, although the P values did not pass the significance level after Bonferroni correction. Both longitudinal groups improved their performance at visit 2 (probably reflecting a learning effect, as the same tests were presented at both visits), but ES patients continued to underperform compared with controls on verbal memory tasks (Supplementary Table IC) .
As expected, ES patients displayed an impaired ability to down-regulate negative emotions [P = 0.029, F = 3.7, df = 1]. However, they improved significantly at visit 2 [P = 0.026, t = 2.42, df = 18], when they performed as well as the controls, who did not show any significant change between the 2 visits (ns, P = 0.301, t = −1.07, df = 14). This improvement among the patients was significant compared with controls (Wilk's lambda = 0.846, F 1,33 = 5.8, P = 0.022, repeated measures ANOVA); see also Figure 1 .
MRI Pretreatment Group Comparisons
Differences in Cth Between ES Patients and Controls at Visit 1 ES patients displayed "thinner" cortex than controls in the "right PFC" (specifically in the opercular, inferior frontal, and bilateral subgenual cortices) and in the "left superior temporal gyrus" (STG) (Talairach coordinates 49 11 2 and −46 −20 0, respectively; Fig. 2) . Notably, cortical thinning in both of these regions was related to the degree of perceived stress and correlated inversely with the MBI-GS exhaustion scores (r = −0.362, P < 0.001 for PFC, and r = −0.4, P = 0.003 for STG). For the PFC-regions of interest (ROI), this correlation remained significant even when restricting the analysis to the ES group (r = −0.350, P = 0.019), and it was more pronounced than the corresponding correlation among controls (P = 0.005, chi square = 7.87, df = 1). Cth in the PFC-ROI was also correlated with the ability to down-regulate negative emotion (the thinner the cortex, the poorer the ability to downregulate negative emotions, P = 0.04, r = 0.370), again, even when restricting the analysis to the ES group (P = 0.003, r = −0.400); see also Supplementary Figure 1a .
To investigate whether the thinning of the right PFC and the left STG was coupled (which could reflect a coordinated modulation by an external factor, such as stress), using the entire brain as the search space, we exploratively tested whether there were any group differences regarding the cortico-cortical covariations in Cth from the right PFC and left STG seed ROIs. Significantly greater covariations between the 2 specific ROIs were detected among ES patients compared with controls and also for the homologous areas to these regions. No other group differences were detected. Thus, in ES patients, changes in Cth were coordinated, suggesting a common underlying factor.
Differences in Subcortical Structural Volumes Between ES Patients and Controls at Visit 1
The relative right amygdala volume [relative to intracranial volume (ICV)] was significantly larger in ES patients, whereas their relative caudate volumes were bilaterally smaller (Table 2) . Also, these structural changes were related (Pearson's correlation) to the degree of perceived stress. Specifically, the MBI-GS exhaustion scores were inversely correlated with the left caudate volume (r = −0.3, P = 0.048) and positively correlated with the right amygdala volume (r = 0.3, P = 0.022). The amygdala correlation remained when only the ES group was taken into account (r = 0.3, P = 0.032). No significant group differences were detected for the other structural volumes measured.
Gender Differences-Group Comparisons of Cross-sectional Data (Visit 1)
Gender-related group comparisons were confined to visit 1 among the cross-sectional groups because the longitudinal study groups were too small.
Gender Differences with Regard to Neuropsychological Test Data
Including the gender aspect revealed several unexpected observations. First of all, while the down-modulation of negative emotions was impaired in both ES men and women (there was no gender by group interaction with respect to negative downmodulation) [(F = 1.40), P = 0.79, df = 1], sustained attention as well as verbal memory were impaired only among female ES patients, a difference that remained when using equally sized male and female study groups (Supplementary Table 1D ,E). 4.2 ± 0.5 3.9 ± 0.4 F = 4.31, P = 0.04 R caudate volume 4.3 ± 0.5 3.9 ± 0.3 F = 5.14, P = 0.03 L putamen volume 4.8 ± 0.5 4.7 ± 0.5 F = 1.31, P = 0.26 R putamen volume 4.7 ± 0.6 4.6 ± 0.5 F = 0.73, P = 0.39 L hippocampus volume 4.1 ± 0.4 4.0 ± 0.4 F = 0.63, P = 0.43 R hippocampus volume 4.2 ± 0.5 4.1 ± 0.4 F = 1.23, P = 0.27 L amygdala 1.8 ± 0.2 1.8 ± 0.2 F = 2.90, P = 0.09 R amygdala 1.9 ± 0.2 2.0 ± 0.2 F = 4.48, P = 0.03 TIV volume 1509 ± 170 1474 ± 197 F = 1.09, P = 0.29
Notes: P and F values for structural volumes were based on calculations of ratios between the respective structural volume and the TIV (one-way ANOVA, df = 1, P < 0.05). L, left; R, right.
Gender Differences with Regard to Cth
The results of gender-related comparisons are presented in Table 5 and Figure 3 . Comparing male ES patients with male controls showed no significant difference in Cth. The female ES group, on the other hand, revealed significant thinning in the left STG and left (and subsignificantly also right) superior frontal and opercular cortices, whereas their left occipital cortex was thicker than in female controls. Notably, these differences remained when reducing the female group sizes to 19 ES patients and 33 controls in order to exactly match that of the male groups. Likewise, a direct comparison between female and male ES patients (19 in each group) revealed a significantly thinner superior frontal cortex and left opercular and left rostral middle frontal cortex among the ES women. In contrast, in the right inferior parietal and middle temporal lobes and in the left lateral occipital lobe, Cth was greater in female ES patients, which is in accordance with the usual finding of thicker cerebral cortex in females (Luders et al. 2006; Savic and Arver 2014) . It is, however, important to emphasize that while significant reduction in Cth was detected only among female ES patients when using the entire brain as the search space, restricting the search space to the left STG and the right PFC ROIs showed that the mean Cth in these regions was lower among ES men than male controls (P = 0.03, F = 4.8, effect size 0.61 and P = 0.03, F = 5.2, effect size 0.63 for the PFC and the STG ROIs, respectively). Thus, although there was a clear effect of gender on the observed differences, they were not necessarily exclusive for female ES patients.
Gender Differences with Regard to Subcortical Structural Volumes
As presented in Tables 2-4 , a multivariate analysis of subcortical volumes (general linear model) showed a main effect of gender and group as well as a significant gender by group interaction (Wilk's lambda 0.859, F 8,116 = 2.380, P = 0.023). A test of between-subject effects showed that this interaction was significant specifically for the relative amygdala volumes (left P = 0.022, F = 5.4; right P = 0.041, F = 3.6) and the left caudate volume (left P = 0.046, F = 3.8, df = 1; right was not significant P = 0.2, F = 1.5, df = 1). Furthermore, enlargement of the relative amygdala volume (amygdala/ICV) was present only in female ES patients (female ES vs. female controls; P = 0.01 right and P = 0.005 left, df = 1, effect size 0.6 and 0.7, respectively). Again, this sex difference remained when re-running the analysis with equally sized male and female study groups. Separate group comparisons within each gender type (Tukey's post hoc test, P < 0.05 after MANOVA with group and sex as fixed factors, see also page 12 ), also showed that reduction in relative caudate volume (caudate/ICV) only occurred among the ES males (P = 0.01 right, P = 0.003 left, df = 1, effect size 0.7 and 0.8, respectively). No other group by gender interactions were detected.
MRI Longitudinal Data, Comparisons Between ES Patients and Controls with Regard to Possible Changes Between Visit 2 and Visit 1
Group Differences in Change of Cth Between the 2 Visits We first investigated whether there were any group differences in how Cth changed from visit 1 to visit 2 (Qdec analysis, P < 0.05, Monte Carlo corrected for multiple comparisons) and found significant "cortical thickening among ES patients" compared with controls in the right PFC (superior, middle frontal, opercular, and pregenual cortices); see Table 6 and Figure 4 .
Group Differences in Change of Subcortical Volumes Between the 2 Visits
Next, we investigated possible subcortical changes (testing for group, time, and region, and using age and time difference as covariates). We found a general main group by time effect (Wilk's lambda = 0.903, F 1,41 = 3.774, P = 0.042). Specifically, while the "caudate volumes decreased" from visit 1 to visit 2 among both groups, this decrease was significantly less pronounced on the left side in the ES group (P = 0.012, F = 6.82, df = 1, effect size 0.76), and there were no group differences at visit 2 (Table 3) . The right amygdala volume in ES patients was smaller at visit 2 than at visit 1, but this decrease was not significantly F and P values L caudate volume 2 3.6 ± 0.4 3.6 ± 0.4 F = 6.82, P = 0.01 L caudate volume 1 3.9 ± 0.3 3.8 ± 0.3 R caudate volume 2 3.7 ± 0.4 3.7 ± 0.3 F = 0.54, P = 0.47 R caudate volume 1 4.0 ± 0.3 3.9 ± 0.3 L putamen volume 2 4.9 ± 0.7 5.0 ± 0.6 F = 3.33, P = 0.08 L putamen volume 1 5.0 ± 0.5 4.8 ± 0.5 R putamen volume 2 4.8 ± 0.6 4.8 ± 0.5 F = 0.52, P = 0.47 R putamen volume 1 4.8 ± 0. different from the other group (P = 0.9; F = 0.17, df = 1), and the relative amygdala volume (amygdala/TIV) remained larger among ES patients compared with controls at visit 2 (P = 0.025; F = 5.4, df = 1, effect size 0.67). No group differences were found regarding the longitudinal changes in TIV (P = 0.76, F = 0.09) or in any other structural volume measured, suggesting that longitudinal changes were confined to the structures that differed initially between patients and controls. It is also worth mentioning that at visit 1, there were no significant differences between the full study groups (cross-sectional groups) and the subgroups participating in the longitudinal study ( Table 1 ), indicating that the data from the longitudinal subgroups can be regarded as representative for the larger, cross-sectional groups.
Discussion
To the best of our knowledge, this is the hitherto largest data set in a brain imaging study of participants suffering from chronic occupational stress. The results show cortical thinning, amygdala enlargement, and caudate reduction among the stressed participants. These changes were related to the degree of perceived stress, and some of them were reversible after stress coping therapy. The present study adds to our previous publications, suggesting that chronic everyday stress is linked to specific and reversible changes in cerebral networks processing psychosocial stress. The study also proposes one tentative explanatory model for the female predominance for stressrelated neuropsychiatric conditions.
Occupational Stress May Lead to Distinct, Partly Reversible, Cognitive, and Structural Changes Congruent with subjective reports, the subjects with ES displayed impaired attention, working memory, and verbal memory function. They also displayed structural changes in networks known to process these cognitive functions. Specifically, Cth was reduced in the PFC and STG. The thickness of the PFC correlated with the ability to down-regulate negative emotion; both this ability and the Cth in the PFC were reduced prior to treatment and normalized after it. Cortical thinning in the left STG, on the other hand, remained at visit 2. Intriguingly, the 2 regions in which ES participants showed cortical thinning are also the cortical areas that seem most frequently involved in other forms of psychosocial stress, such as PTSD, and early life traumas (De Bellis et al. 2002; Koenigs and Grafman 2009; Woodward et al. 2009; Philip et al. 2013; Li et al. 2014; Kogler et al. 2015b ). The PFC and STG are also anatomically connected to each other, which was presently confirmed in tests of cortico-cortical covariation; see Supplementary Figure 2 . Moreover, not only have both regions been observed to activate during stress regulation (Kogler et al. 2015a ), but they also appear to modulate the amygdala (Geuze et al. 2008; Arnsten 2009; Koenigs and Grafman 2009; Akirav and Maroun 2007) , which is the primary cerebral relay in the processing of psychosocial stress (Roozendaal et al. 1997 (Roozendaal et al. , 2004 . ES patients also displayed significant changes in their amygdala and caudate volumes, which, like those in the cortex, were related to the degree of perceived stress. This is congruent with the notion that both the F and P values L caudate volume 4.2 ± 0.5 3.9 ± 0.4 F = 0.60, P = 0.24 4.4 ± 0.6 4.0 ± 0.4 F = 9.51, P = 0.003 R caudate volume 4.3 ± 0.5 3.9 ± 0.3 F = 1.42, P = 0.14 4.4 ± 0.6 4.1 ± 0.4 F = 7.30, P = 0.010 L putamen volume 4.6 ± 0.5 4.6 ± 0.5 F = 3.36, P = 0.06 5.0 ± 0.5 5.0 ± 0.4 F = 0.74, P = 0.391 R putamen volume 4.5 ± 0.5 4.5 ± 0.6 F = 3.36, P = 0.07 5.0 ± 0. amygdala and caudate are vulnerable to stress stimuli (Cohen et al. 2006; Leuner and Shors 2012; Sripada et al. 2012; Soares et al. 2013; Kogler et al. 2015b; Tursich et al. 2015; Lau et al. 2016) . Our longitudinal data showed that cortical thinning reversed in the PFC, which is congruent with the dynamic stress-related prefrontal changes detected in animal experiments (Radley et al. 2005 ) and also with reports from studies on other stress conditions (Liston et al. 2009 ), such as PTSD (Lyoo et al. 2011; Dickie et al. 2013) . This observation further underlines that the PFC change among our ES patients was related to stress, as does the detected recovery from caudate volume reduction.
Taken together, the present findings add to the current state of knowledge on stress by suggesting that psychosocial stress impairs the integrity of limbic and paralimbic networks, not only when it comes to exceptional forms of stress (PTSD, child maltreatment) but also when stress originates from intense "everyday working" conditions over long periods of time and without recovery. Interestingly, the observed impairments differed between men and women.
Sex Differences with Respect to Cerebral and Behavioral Effects of Occupational ES
Remarkable sex differences emerged in the patterns of cerebral changes and neuropsychological test performance, despite the participants having similar stress and MADRS scores, similar demographic characteristics, and similar test results indicating an impaired ability to down-modulate negative emotions. The amygdala volume was enlarged only in ES females, while the caudate volume was reduced only in ES males. Female but not male ES patients displayed thinning of the STG and the PFC.
Thus, while post hoc analyses showed that the cortex was also thinner in the STG and PFC ROIs in male patients, female ES patients seemed clearly more susceptible to stress-related cortical damage. Furthermore, these structural sex differences concurred with behavioral outputs: ES women underperformed compared with ES men on the focused attention test and on tests of working and verbal memory, functions requiring engagement of the prefrontal and temporal cortices (Nardo et al. 2013) . These findings raise the question of whether there is a gender-related neurobiological cerebral vulnerability to stress. Such a phenomenon could be due to psychosocial stress affecting female and male tissue differently, either due to basic sex differences in stress-processing neuronal circuits or because of differences related to stress mediators-cortisol and glutamate in particular.
With regard to stress-processing cerebral circuits, there are some interesting reports that acute stress exerts a genderdifferentiated cerebral activation. For example, Wang et al. found that the increase in rCBF in the right PFC was greater among men than women, whereas in women they detected a prolonged amygdala activation (2007). Kogler et al. noticed a more pronounced stress activation of the left amygdala and the right STG in women, and a more robust activation of the left putamen in men (2015a). More recently, the same group also found a sex by cortisol interaction (Kogler et al. 2016) , congruent with previous hypotheses that stress-induced cortisol release (measured in saliva) is less pronounced in women and varies during the menstrual cycle (lower response when estrogen is high) (Kirschbaum et al. 1999; Kajantie and Phillips 2006; Albert et al. 2015) . Cortisol response data were not utilized or expanded upon in the present study, as we previously found normal values in ES patients (Golkar et al. 2014; Savic 2015) . Notes: The "Region" column describes the coverage of the respective cluster. R, right; L, left. Clusters are calculated at P < 0.05 corrected, and using 10 mm filter. Notes: Qdec calculations of significant group differences in Pc1, df = 42. The "Region" column describes the coverage of the respective cluster. R, right. Clusters are calculated at P < 0.05 corrected (Monte Carlo correction), and using 10 mm filter. Italics indicate clusters at a corrected P < 0.1. This table illustrates significant differences in change in Cth between ES patients and controls, between visit 1 and visit 2.
It had been measured only at visit 1 (Supplementary Table I) , and there was no difference between ES men and ES women (P = 0.80; F = 0.078, df = 1, repeated measures ANOVA). Like cortisol, glutamate is an important mediator of stress. In high concentrations, glutamate exerts excitotoxic effects, particularly in the mPFC (Brown et al. 2005; Arnsten 2009 ). Estrogen promotes glutamate effects on neurons, and the PFC expresses high levels of estrogen receptors (Ostlund et al. 2003) . Glutamatergic excitotoxic effects on the PFC could, thus, be more pronounced in women, leading to a vicious cycle of continuous amygdala activation, further promoting changes in its primary projection areas, including the STG. A repeated activation of the amygdala has been associated with local increases in brain-derived neurotrophic factor, leading to dendritic growth and, ultimately, volume enlargement of the amygdalae (Arendt et al. 2012; Boyle 2013; Ashokan et al. 2016) . Such a scenario is compatible with both thinning of the PFC and STG and enlargement of the amygdala in our female ES patients. In men, one would, instead, expect to observe changes in the striatal projections of the amygdala (Kilpatrick et al. 2006; Savic and Lindstrom 2008) . Indeed, our ES men displayed a reduction in caudate volume, congruent with the particular susceptibility of the basal ganglia to glutamatergic excitotoxicity (Chen et al. 1995; McEwen 2006) . Thus, both differences in the "effects of stress mediators" and differences in the "stress mediating neuronal pathways" can account for the presently observed sex differences. Particularly interesting is that both the enlargement of the amygdala and the thinning of the left STG remained at the second visit, even though the ability to modulate negative emotions normalized and the stress scores were significantly lower. These might indicate vulnerability traits in women that predispose them to developing stress-related depression and anxiety, which are overrepresented in women for reasons still unknown. Reduction of the hippocampus has recently been reported as a vulnerability factor for stress (Lindgren et al. 2016) , indicating there might be a combined structural vulnerability to stress comprehending a predisposed sensitivity to stress and subsequent further structural changes due to stress vulnerability. Neuroplastic changes of the amygdala have been reported in relation to stress reduction (Holzel et al. 2010) and also with respect to depression (Lorenzetti et al. 2010; Linnman et al. 2011) , but there are also animal data failing to show recovery from stress-related amygdala hypertrophy (Vyas et al. 2004) . The important question of whether there may be a gender interaction with stress-related amygdala plasticity requires further attention.
Methodological Considerations
Although the ES group was large and homogenous with respect to the diagnosis, the gender difference comparisons were based on small populations; the findings would therefore need to be validated in larger groups. Nevertheless, the detected sex differences were highly significant and located in stress-relevant regions. Likewise, although the size of the longitudinal group may be considered relatively small, for within-group comparisons, 20-person subject groups should suffice, according to power analyses for measurements of Cth (Dickie et al. 2013; Liem et al. 2015) . The majority of published longitudinal MRI studies of other stress-related conditions (primarily PTSD) report data sets in this size range (Holzel et al. 2010; Lyoo et al. 2011) . Furthermore, the effect sizes (Cohen's d) were satisfactory.
A potential problem with the longitudinal analyses was that the time spans between the visits (and thus between visit 1 and visit 2) varied, including significantly longer intervals for controls. We tried to account for this by using time as a covariate in all the longitudinal comparisons. Even though a matched time span would have been more optimal, it is unlikely that this potential bias would explain the regional changes detected in the longitudinal analyses.
It is worth noting that while the PFC volume, and to a certain extent also the amygdala volume, showed dynamic changes congruent with stress perception, the thinning of the STG (and to some extent the amygdala volume) was rather stationary. Whether this reflects a specific vulnerability factor for occupational ES, or whether this region just requires longer time than the right frontal cortex and the caudate to return to the level of values measured in the controls, is presently uncertain. The 2 alternatives are not mutually exclusive, however, and future studies including multiple investigations with several time points over longer time intervals (2-5 years) are needed for further clarification. Finally, while the study design allowed us to conclude that several of the observed structural and functional changes in ES patients were reversible, no conclusions could be made about the possible effects of the treatment as such. As stated in Materials and Methods, our main purpose with the longitudinal study was to evaluate whether the observed abnormalities were at all reversible, rather than to evaluate the treatment method. A specific treatment evaluation would require comparative investigations of a matched ES group that did not receive active treatment and was on part-time or full-time sick leave. Such studies are warranted and are in the pipeline.
Conclusion
This is the first brain imaging study of occupational ES to include longitudinal data and specifically examine gender differences. The findings strongly suggest that everyday occupational stress may lead to structural and functional changes of the brain, which, also considering the behavioral and cognitive impairments found among the affected individuals, calls for a re-defining of this condition and a re-evaluation of how it is approached medically. The finding that cerebral changes were related to stress and reversible after the stress ceased advocates the use of preventive and curative interventions for avoiding, reducing, and reversing such cerebral damage. The observed gender differences deserve attention as they may indicate vulnerability factors for the development of stressrelated psychiatric illness, which has increased dramatically among women for unknown reasons.
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